THE PULSATION MODE OF THE CEPHEID POLARIS 
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ABSTRACT 

A previously-derived photometric parallax of 10.10 ± 0.20 mas, d — 99 ± 2 pc, is confirmed for Polaris by 
a spectroscopic parallax derived using line ratios in high dispersion spectra for the Cepheid. The resulting 
estimates for the mean luminosity of (My) = —3.07 ± 0.01 s.e., average effective temperature of (T c ff) = 
6025±1 K s.e., and intrinsic color of ((B) — (V))o = +0.56±0.01 s.e., which match values obtained previously 
from the photometric parallax for a space reddening of Eb-v = 0.02 ±0.01, are consistent with fundamental 
mode pulsation for Polaris and a first crossing of the instability strip, as also argued by its rapid rate of period 
increase. The systematically smaller Hipparcos parallax for Polaris appears discrepant by comparison. 

Subject headings: stars: variables: Cepheids — stars: distances — stars: individual (Polaris). 



INTRODUCTION 



Our current knowledge of the intrinsic properties of 
classical Cepheid variables relies heavily on the obser- 
vational parameters derived for them. In the case of 
the nearest Cepheid, P olaris (a UMi, P = 3.969 days, 



With the above reddening, the ph otometric dis - 
tance implies (M v ) = -3.07 ± 0.04 (|Turnerl l2006h . 
consistent with fundamental mode pulsation for a 
3.969-day Cepheid, along with a location ne a r the 



see lTurner et al.1 120051 ). the distance and reddening are 
of paramount importance for understanding its pulsa- 
tion mode and evolutionary status. A well-defined space 
reddening of E B _ V = 0.02 ± 0.01 is implied by stud- 
ies of its optical companion and other stars ly i ng in 
the immediate vicinity of the Cepheid (iTurnerl Il977 ; 



2005 



2006; 



Gauthier fc Ferniell978t[Turnerl2006l[20b"9D . but the dis- 
tance remains a point of contention. 

A photometric parallax can be infer red for Polari s 
using its 18"-distant F3 V companion (jTurnerl Il977 ). 
which is recognized to be physically associated with the 
Cepheid on the basis of comm on proper motions and 
radial velocities ( Kamperlll996l ). The distance derived 
from zero-age main-sequenc e (ZAMS) fitting for Polaris 
B is 101 ±3 pc (lTurnerll2006l). or 109.5 pc from a spectro- 
scopic investigation ([Usenko fe Kloshkovall2008l ). An in- 
vestigation of spatially-adjacent A, F, and G- type dwarfs 
within 3° of Polaris observed by Hipparcos (lESAlll997l) 
reveals two di stinct groups lying along the line of sight 
(jTurnerl 120041 ) . of which only the closer contains stars 
of comparable proper motion and radial velocity to the 
Cepheid. The stars also concentrate spatially towards 
Polaris, and appear to constitute the remains of a sparse 
cluster in the final stages of dissolution into the Galactic 
dis k The implied dista nce from ZAMS fitting is 99 ± 2 
pc ( Turner 20061 . 2009h . and the corresponding photo- 
metric parallax is 10.10 ± 0.20 mas. 



center of the instability strip (ITurner et al. 
Turner. Abdel-Sabour Abdel-Latif fc Berdnikovl 
Turnerl 120091 ). A potential conflict with the Cepheid's 
small light amplitude, more typical of stars on the hot 
and cool ed ges of the strip, was resolved by I Turner 
(2006, 120091 ) using the observation that Polaris appears 
to be in the first crossing of the instability strip. The 
Cepheid's implied location near strip center, despite 
an extremely low amplitude, can be attributed to a 
narrow and blueward-skewed instability strip for first 
crossers, in which surface convection damps pulsation 
at significantly war mer effective tempe ratures than for 
other crossings (see Alibert et al. 19991) . The redwards 
evolution of Polaris towards the cool edge of the insta- 
bility stri p for first crossers implied by its s teady period 
increase ( Turner et al.1 l2005t I Turner 20091 ) is also con- 
sistent with its apparently decreasing light amplitude 
(|Turnerll2009T ). 

Results for the trigonometric parallax of Polaris differ 
from those implied by its ph otometric parallax. Refrac- 
tor pa rallaxes summarized bv lvan Altena. Lee fc Hoffleit 
(jl995l ) yield a parallax of 4.0 ± 3.3 mas for Polaris, 
but that does not appear to account for a magnitude 
dependence in the original Allegheny parallaxes, at- 
tributed to use of a rotating secto r to diminish the flux 
from bright stars (jHansonl Il978f). If the mag n itude - 
dependent correction found by Hanson fc Lutzj j 19831) 



is applied, the older parallaxes summarized by Ijenkinsl 



1 



(1952 



1963 ], calibra ted relative to Allegheny parallaxes 



Wagman 19561 ). yield a best value of 11 ± 4 mas 



(e.g., 

for the trigonometric parallax of Polaris, in agreement 

with the photometric result. 

In contra st, the Hipparcos parallax of 7.56 ±0.48 mas 
ESAlll997l). or 7.54 ± 11 mas from the new reduction 
van Leeuwenl 120071 ) . implies a distance of 133 ± 2 pc 



to Polaris. At that distance with the reddening cited 
previously, the luminosity of the Cepheid is (My) = 
—3.62 ± 0.05, which implies overtone pulsation, consis- 
tent with its sinusoidal light curve and small amplitude. 
But the intrinsic color of ((B) - (V}) = +0.56 ± 0.01 
still leaves Polaris well inside the hot edge of the insta- 
bility strip, and its rapid rate of period increase implies 
cither a first or higher than third crossing of the insta- 
bility strip, with an expected increasing light amplitude. 
That conflicts with the results for other small amplitude 
Cepheids as well as the long-term decreasi ng light ampli - 
tude observed prior to the 1965 "glitch" (|Turnerll2009h . 
In addition, the A, F, and G-type dwarfs in the vicinity 
of Polaris lying at distances comparable to that inferred 
from the Hipparcos parallax do not sh are the prope r 
motion or radial velocity of the Cepheid ( Turnerll2004l ). 
producing further inconsistencies. 
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Suc h con tradictions were over l ooked when Feast fc Catchpolel 
(|l997 ) and van Leeuwen et al. ( 20081) used Polaris as 



an overtone pulsator to calibrate the Cepheid period- 
luminosity relation using Hipparcos par allaxes. The 
Hippa rcos parallax was also a dopted by IWeilen et al 



mppa rcos parallax was also a dopted by iweiien et al. 
(|2000f ) and lEvans et all (j2008l) in their analyses of the 



orbit of the F6 V radial velocity co mpanion, Polaris Ab, 
as well as bv lNordgren et ah ( 2012 ) with the star's mea- 
sured angular diameter to estimate its radius. The pro- 
cess can be inverted for the angular diameter, however, 
and in combination with the well-est ablished period- 
radiu s relation for classic al Cepheids ( Turner fc Burkei 
20021 ; iTurner et all l201Clh yields distance estimates of 
93 ± 2 pc (6>ld) and 97 ± 2 pc (#ud) for fundamental 
mode pulsation, and 122 ± 3 pc (0ld) and 128 ± 3 pc 
($ud) for overtone pulsation, where #ld and #ud ap- 
ply to the limb-darkened and uniform disk solutions, 
respectively. Agreement with the results from the par- 
allax solu tions is less than ideal. Orbital radial velocity 
residuals ( Lee et al. 20081 ) and tests of possible param- 
eters for close orbital companions to Polaris ([Turner 
2009h also suggest the possibility of an extra star in the 
Polaris A subsystem, so an independent test of the dis- 
tance, luminosity, and pulsation mode of the Cepheid 
would be useful. 

Spectroscopic parallaxes can be derived for Cepheids 
using line ratios, the basis of temperature and luminos- 
ity (log g) discriminatio n in Morgan and Keena n (MK) 
spectral classification dGrav fc C orballv 2009 ). Kov- 



tyukh and hi s collaborators (jKovtvuk h 2007; Kovtvukh et al 



2010L l2012allbl ) have taken the technique to its natural 
limits by using high dispersion spectra and all possible 
line ratios, in conjunction with calibrations on T e ff and 



Fig. 1. — The luminosity (top), T e ff (middle), and predicted 
color variations (bottom) for Polaris from the spectra ana- 
lyzed here, with uncertainties in the data indicated. The gray 
bands represent the range of values predicted f or Polaris from 
its photometric parallax and space reddening (|Turnej |2006'). 
with superposed curves representing the light variations typ- 
ical of the era of observation and a Fourier fit to the T e ff 
data. 



My , to establish the luminosities and effective tempera- 
tures of yellow supergiants and Cepheids with very high 
precision. Deatils of the calibration philosophy using 
line ratios involving primarily iron peak elements in the 
spectra of s upergiants of well established luminos ity are 
provided bv lkovtvukh fc Chekhonadskikhl (|2009l) . Typ- 
ically the precision averages ±0 m .26 in absolute visual 
magnitude (My) for a single line ratio in Cepheids, but 
with so m any line ratios availabl e per spectrum, of or- 
der 40-70 (jKovtvukh et al.l2012bl ). the precision reached 
per spectrum reaches a few hundredths of a magnitude. 

The method, although calibrated using yellow super- 
giants, was established with the aim of s tudying Cepheid 
variabl es, and was used recently by IKovtvukh et al. 
(|2012bl ) to examine the pulsation modes of three s- 
Cepheids, with fairly robust results: V1334 Cyg (first 
overtone), V440 Per (fundamental mode), and V636 Cas 
(fundamental mode). It is ideal for learning more about 
Polaris, another s-Cepheid of extremely small amplitude 
and an object that is bright and readily accessible from 
northern hemisphere sites. The present study addresses 
the ongoing problem of the distance and pulsation mode 
of Polaris using its spectroscopic parallax. 
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Table 1 

Spectroscopic Results for Polaris 



JD(obs) 


Phase 


T e f{ 


s.d. 
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s.e. 


Mv 


s.d. 
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s.e. 
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(K) 




(K) 










2452861.5600 


0.6293 


6033 


59 


61 


7.5 


-3.03 


0.20 


55 


0.03 


2452867.5620 


0.1402 


6009 


35 


57 


4.6 


-2.98 


0.17 


52 


0.02 


2452869.5700 


0.6456 


5996 


61 


62 


7.7 


-3.02 


0.24 


44 


0.04 


2453072.1650 


0.6452 


6015 


74 


56 


9.9 


-3.05 


0.27 


67 


0.03 


2453073.6220 


0.0120 


6013 


88 


56 


11.8 


-3.06 


0.21 


66 


0.03 


2453162.1910 


0.3075 


6050 


61 


57 


8.1 


-3.05 


0.25 


67 


0.03 


2453689.6470 


0.0829 


6050 


49 


74 


5.6 


-3.10 


0.33 


62 


0.04 


2453690.1090 


0.1992 


6034 


42 


74 


4.9 


-3.06 


0.23 


62 


0.03 


2453693.1240 


0.9582 


6044 


61 


72 


7.2 


-3.01 


0.34 


68 


0.04 


2453980.5890 


0.3201 


6018 


41 


73 


4.8 


-3.04 


0.16 


62 


0.02 


2454073.5890 


0.7303 


6051 


46 


55 


6.2 


-3.04 


0.12 


53 


0.02 


2454077.6510 


0.7528 


6093 


125 


5 


55.9 


-3.17 


0.15 


8 


0.05 


2454169.6380 


0.9080 


6081 


97 
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39.4 
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0.13 


10 


0.04 
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57 


3.6 


-3.02 


0.15 
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0.02 
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0.1889 
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74 


5.2 


-3.14 


0.20 
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47 


64 
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0.15 


70 


0.02 


2455328.5976 


0.6372 


5990 


41 


66 


5.1 


-3.09 


0.19 


64 
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2455708.3364 


0.2212 
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52 
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-3.06 
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69 


0.03 


2455816.5457 


0.4583 
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67 


75 
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74 


9.2 


-3.18 


0.17 


62 


0.02 



OBSERVATIONS AND DATA REDUCTIONS 



RESULTS 



Observations of Polaris were obtained using the 6-m 
Large Azimuth Telescope (BTA) of the Special Astro- 
physical Observatory of the Russian Academy of Sci- 
ences equipped with the N asmyth Echelle Spectrometer 
(NES , IPanchuk et aTll2009h , which has a resolving power 
of R w 60 000 within the wavelengh range 4380-6690 A. 
The signal-to-noise ratio at the continuum level in each 
of the 20-27 spectral orders exceeds 70. A thorium- 
argon lamp was used for wavelength calibration, and the 
data reduction was carried out using the MIDAS soft- 
ware ECHELLE modified for ext raction of echelle spec- 
tra o btained with an image sheer (jYushkin fc Klochkova 
20051 ). The spectra were extracted from the CCD im- 
ages in the usual fashion: bias subtraction, fiat-fielding, 
cosmic ray removal, and wavelength calibration. 

Spectra were also obtained with the fiber echelle-type 
spectrograph HERMES, mounted on the 1.2-m Belgian 
telescope on La Palma. A high-resolution configura- 
tion with R = 85 000 for the wavelength region 3800- 
9000 A was used. The spectra were reduced using a 
Python-based pipeline that includes order extraction, 
wavelength calibration with Th-Ne-Ar arcs, flat field di- 
vision, cosmic-ray clipping, and order merging. Further 
details of the spec trograph and pipeline are given by 
Raskin et al.l ( 201lh . The dates of observation are indi- 
cated in Table [TJ 



The results of the analysis are summarized in Table [TJ 
and plotted as a function of pulsation phase in Fig. [TJ 
where the phases wer e calculated with the regular pe - 
riod increase removed ( Turner et al.ll2005 : lTurnerll2009l h 
The plotted gray bands are not least squares solutions 
to the data. They represent the values with the i r cited 
uncertainties determined for Polaris by Turner ( 2006h 
from the photometric parallax in conjunction with the 
reddening inferred from its companion. The observa- 
tions themselves are fairly randomly distributed in phase 
around the Cepheid's cycle, and yield weighted mean 
values of (M v ) = -3.07±0.01 s.e., and (T B g ) = 6025±1 
K s.e., identical to predictions (jTurnerl 120061 ). They con- 
firm the previous conclusion that Polaris is a fundamen- 
tal mode pulsator. If it were pulsating in an overtone 
mode at the distance implied by its Hipparcos parallax, 
the observational data would yield significantly greater 
luminosities closer to My ~ —3.6. 

Curves in Fig. [TJ represent the expected sinusoidal 
variations in visual light and a Fourier fit to the ef- 
fective temperature estimates. The data are precise 
enough to track pulsational changes in the latter. The 
star reaches highest effective temperature two tenths 
of a cycle prior to maximum light near minimum ra- 
dius, and lowest effective temperature seven tenths of 
a cycle later near maximum radius. The temperature 
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variations are skewed, unlike the more sinusoidal light 
variations, with a variation of ~ 75 K in temperature 
over the course of a cycle. The color variations pre- 
dicted by the estimat e s of effective temp erature (see 
Turner fc Burkd l2002t iTurner et ail l20ld) mimic the 
temperature changes in displaying skewness, and yield 
an unweighted mean value of ((B) — (y))o = +0.56±0.01 
s.e. for Polaris. By comparison, the changes in absolute 
magnitude appear to be relatively small and sinusoidal, 
as observed for the visual light variations. Although the 
predicted and actual changes are similar, scatter in the 
individual estimates hinders more definitive conclusions. 
The trends are otherwise as expected for a fundamental 
mode pulsator. 

The abundance patterns in Polaris - [C/H] = 
0.17, [ N/H1 = +0.42, [Q/ H1 = -0.00, and [Na/H] = 

are those of a star dis- 



0.09 (Us enko et all 1200 



O/H] 

m - 



playing the products of core CNO processing at its sur- 
face. Sometimes that is taken to be a signature that a 
Cepheid has passed through the red supergiant stage, 
where deep envelope convective dredge-up is thought 
to bring core-pr ocessed material to the stellar surface 
(|Mowlavilll999al rbl). But some stellar evolutionary mod- 
els d o not involve a dre dge-u p stage f o r red supergiants 
(e.g., iBono et alj|2000l) . and iMaedeil (|200ll ) has noted 
that most B-type stars in late main-sequence hydrogen 
burning stages prior to evolution towards the Cepheid 
instability strip already display CNO-processed mate- 
rial in their atmospheres. Rapid rotation during main- 
sequence stages in conjunction with meridional mix- 
ing of core material to the stellar surface is sufficient 
to explain the abundanc e patterns in Cepheids (see 
Turner fc Berdnikovl 120041 ) . and that may be the case 
for Polaris, i.e., its progenitor was a rapid rotator as 
a B-dw arf. The atmosphe r ic abundances of Polaris A 
and B (jUsenko et all 120051: lUsenko fc Kloshkoval 120081 ) 
are otherwise indicative of slightly metal-rich stars with 
[Fe/H] = +0.07. 

4. POLARIS AS A FIRST-CROSSING CEPHEID 

A potential problem with the spectroscopic parallax 
concerns the conclusion reached previously that Polaris 
is in the first crossing of the instability strip, as inferred 
from its observed rate of period incre as e of ~ 4.5 s 



(ITurner et all 120051 : iTurnerl 120091 ) . iNeilson et al" 



(|2012h argue that the value appears small er than what 



is pre dicted by stellar evolutionary models (jTurner et al 
2006), and propose a higher strip crossing mode for Po- 



laris that includes a component of the Cepheid's period 
increase arising from mass loss. 

There is an alternate solution. In their compar- 
ison of observed rates of period change in Cepheids 
with those p r edicte d from stellar evolutionary models, 
Turn er et al. ((2006) em ployed a, semi- empirical approach 
(|Turnejll99a ITurner fc Burkd l2002h in which Cepheid 
radii varied as P - 75 and masses as P 0,5 , where P is the 
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Fig. 2. — Observed and predicted rates of period increase 
for Cepheids in the first, third, and putative fifth crossings 
of the instability strip, i.e., Cepheids exhibiting period in- 
creases. Lines separate what appear to be stars in third 
and fifth crossings, and a gray band represents predictions 
for first-crossing Cepheids according to stellar evolutionary 
models (see text). The small amplitude Cepheids Polaris 
and HDE 344787 display period increases expected for a first 
crossing. 



pulsation period. That yielded an equation for rate of 
period change of: 



P 
P 



6L 
7L 



24 T 

Yt 



where the quantities on the right hand side of the equa- 
tion are taken from evolutionary models for stars cross- 
ing the Cepheid instability strip. 

More recent studies of Cepheids belonging to open 
clusters indicate that the P 5 dependence for Cepheid 
masses is too steep, and more likely varies as P 0A 
(Turner 20121) . With that adjustment the predicted 
rates of period change are modified to: 



P 
P 



5L 
8L 



5T 
2T 



The effect is to reduce the predicted rates of period 
change for Cepheids in the first crossing of the insta- 
bility strip, as depicted in Fig. [3] The observed rate of 
period increase for Polaris is now fully consistent with a 
first crossing of the instability strip, without the need to 
postulate mass loss or overtone pulsation for a different 
strip crossing. The observed rate falls so close to the 
minimum predicted rate, in fact, that mass loss in the 
Cepheid must be almost negligible. 

5. SUMMARY 

An independent test of the phase-dependent varia- 
tions in luminosity and effective temperature of Polaris 
is made using line ratios in high dispersion spectra for 
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the star, calibrated using stars of similar metallicity to 
the Cepheid. The observational results are relevant to 
the star's distance and pulsation mode. The derived ab- 
solute magnitudes My and effective temperatures T e g 
coincide exactly with similar pa rameters pre dicted from 
the star's photometric parallax ( Turnerf2006l ) . The spec- 
troscopic and photometric parallaxes both imply a dis- 
tance to Polaris of 9 9 ± 2 pc. The associated Hippa rcos 
parallax for Polaris (|ESAlll997 : Ivan Leeuwenl 120071 ) ap- 



pears to be discrepant by comparison. 

The results are consistent with fundamental mode 
pulsation in Polaris, as well as with a first crossing of the 
instability strip. A correction of previou sly-published 
predi ctions for first-crossing Cepheids ([Turner et al 
2006) to account for a more correct period-mass re- 



lation for Cepheids brings the observed rate of period 
increase in Polaris into good agreement with predictions 
from stellar evolutionary models. 
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